This paper is the edited translation of the paper by ANDERS ANGSTRÖ M ''Ü ber die Gegenstrahlung der Atmosphäre'' (On the counter-radiation of the atmosphere) that was published 1916 in the Meteorologische Zeitschrift 33, 529-538.
1. Recently, questions regarding the radiation of the atmosphere gained interest due to the works by W. J. HUMPHREYS E1 and GOLD
E1
, and in particular due to the theoretical study by R. EMDEN E1 ''Ü ber Strahlungsgleichgewicht und atmosphärische Strahlung'' [,,On the radiation balance and atmospheric radiation ''] . 1 EMDEN shows in his work, to which I will return later, how the temperature in the upper inversion layer can be calculated based on the magnitude of the solar constant, the Earth's albedo, and the transparency of the atmosphere for terrestrial radiation, making simple assumptions concerning the dependence of the radiation coefficient of the atmosphere on its water vapour content. The procedure is simplified by distinguishing between longwave and shortwave radiation, for which the calculations are carried out based on the assumption of a standard value of absorption and emission coefficient. Under these assumptions, EMDEN calculates, furthermore, the temperature at the Earth's surface, the temperature gradient in the layers where convection stops, and the actual radiation temperature of the Earth. The experimental basis is in some parts very uncertain, which is also emphasized by EMDEN. This is particularly true for the value of the albedo of the Earth and the absorption coefficient of the atmosphere for longwave radiation.
2. On my excursions to Algeria (1912) and California (1913) , I measured the effective terrestrial radiation E2 , from which the counter-radiation of the atmosphere can be calculated when the constant (r) in the STEFAN-BOLTZMANN law (R = rT 4 ) is assumed to be known. This was almost at the time when the work by EMDEN E1 was published, which put an emphasis on the significance of observing the radiation of the atmosphere with different water vapour content. My measurements, which were taken at different humidities (0.5 to 12 mm [Hg] E4 ), different temperatures (0 to 30°C) and at different altitudes above sea level (0 to 4420 m), have recently been published by the Smithsonian Institution.
2 They have led to the following conclusions:
Original citation: ANGSTRÖ M, A., 1916 : Ü ber die Gegenstrahlung der Atmosphäre. -Meteorol. Z. 33, 529-538. ) has a considerable radiation potential: At an altitude of 4400 m, radiation is almost 50% of the radiation of a black body of the same temperature as measured at the observation location. (VI) Variations in the transmission of the atmosphere for shortwave radiation only have a minor influence on the magnitude of the counter-radiation of the atmosphere.
By means of II and III, it is possible to calculate the counter-radiation of the atmosphere and also the effective terrestrial radiation for any corresponding value of temperature and humidity. In order to do so, I have transformed the equation in III, which is valid for a temperature of 20°C, into the following:
Àbq where q denotes absolute humidity (in grams per cubic meter) E4 . K and C have the same values as before. For b a value of 0.071 is found, which only slightly differs from c. We now base ourselves on the relationship found (II) and assume that the radiation can generally be expressed by the equation:
The observations are consistent with this relationship. Starting from equation (4), I have composed Table 1 , where one can find the effective terrestrial radiation for temperatures between +30°C and À30°C and for vapour pressures between 0 and 12 mm [Hg] . The extension of the temperature interval to temperatures between 0°C and À30°C, which could not be verified by the observations in Algeria and California, could be verified under certain conditions by the measurements in Abisko in Lappland. I will return to these observations later.
3. The part of atmospheric radiation that is due to water vapour is a function of the total water vapour contained in the atmosphere above the observation location. The content of water vapour near the Earth's surface is significant only as a measure for the total vapour amount. If this amount -which I will call the 'integrated water vapour' -was a function entirely determined by the absolute humidity on the ground, and only a function of that, and if the temperature distribution in the atmosphere was always the same, the observed values could be expected to agree very closely with the values of temperature, pressure and radiation given in Table 1 . However, these conditions are only approximately fulfilled. It is true, of course, that the integrated water vapour seems to be in proportion to the humidity near the ground, if longer time intervals are taken into consideration. Still, the constant of proportionality underlies considerable random variation. 
we find, since the density can be assumed proportional to pressure with sufficient accuracy:
where Q denotes the integrated water vapour, p 0 the vapour pressure at the observed location and K a constant [not the same K as in Sect. 2.]. The quantity Q determines the radiation due to the water vapour. If the temperature of the atmosphere was constant, the vertical distribution of water vapour would not matter for the counter-radiation observed on the ground. However, if we examine the dependence of radiation on the vapour pressure p 0 on the ground, we find that the radiation fluctuates around a certain mean value, even if the vapour pressure as well as temperature are constant, which is partly caused by the fact that the just defined constant K is subject to certain fluctuations. On a diagram with the quantity K p 0 on the x-axis (where at first K is chosen arbitrarily), and the corresponding values of the counter-radiation in the atmosphere on the yaxis, we can plot a continuous curve using the mean values of radiation as I have shown. The temperature is assumed to be constant, i.e., the radiation values are reduced to a certain temperature T by means of the relationship II. Now, the individual radiation values differ from the plotted curve by ±d on average, which we call the mean [absolute] variation amplitude. This amplitude d corresponds to a certain variation of the quantity K p 0 , which we can assume to result from the variation of the 'constant' K, since p 0 is given. We will call this mean amplitude c [not the same c as in Sect. 2.], which is expressed in percent of K.
4. Now the question arises, to what extent this mean amplitude c, which can be calculated from radiation measurements, is of a similar or of the same magnitude as the mean amplitude c 1 comprised in K. If it turned out that c was much larger than c 1 , one would have to conclude that the fluctuations of the radiation in the atmosphere were caused by the variation in water vapour content only to a minor extent, and that other variations of unknown origin played a significant role. However, if c and c 1 were found to be very similar, we would have strong support of the view already given in the summary of my results, namely that, with constant temperature, the variation in water vapour content was crucial for the variation in counter-radiation. [ (1800 m) and in Indio E7 (0 m) at almost the same time. The distances between Avalon and the observation locations mentioned are between 50 and 250 km. It is therefore hardly allowed to draw any conclusions about the integral water vapour Q from the ascents, and to relate them to the locations where radiation measurements were carried out. However, it seems to be of interest to calculate K from the balloon observations for each observation series, and then to determine the mean variation of K. This variation amplitude c 1 , which is true for Avalon in the first place, can be compared with better justification to the variation amplitude c, determined by radiation measurements. The values of absolute humidity (grams per cubic meter), which result from the balloon ascents, have been compiled by Dr. BLAIR E8 in Table 2 .
3
The values in the table can be used to calculate Q and K for each day either graphically or by summing the rows, which seems to be sufficiently accurate. I have calculated K for the altitudes of 1500 m, 3000 m and 5000 m and found the values given in Table 3 . The mean variation is given at the end of each column. It shows that the variation decreases with increasing height. The mean variation of radiation is calculated for different intervals of vapour pressure as presented in ]. This mean deviation, which is between 5 and 10 percent of the actual radiation, corresponds to a variation c given in the table. For comparison, Table 5 shows the variation of c and c 1 for almost identical altitudes above sea level.
The table shows that the agreement between c and c 1 is remarkably good for all stations except for Mt. Whitney and Mt. San Gorgonio. For the latter stations, the variation of radiation is much larger than would be expected from the variation of K for these altitudes in the free atmosphere. This is probably largely due to the fact that these stations were located above the snow line, which meant that the evaporation on the snow surface resulted in an increase in the variation of K. Here, the actual variation of c 1 is certainly much larger than calculated from the observations in Avalon. This is indeed the case, as is shown clearly by the tethered balloon ascents carried out by the U.S. Weather Bureau on 3, 4 and 5 August on Mt. Whitney. 4 If it is allowed to base oneself on such a limited number of observations, one could conclude that here, the variation of K reaches a mean amplitude of 40 to 50 percent, which incidentally almost coincides with the value derived from the [observed] radiation variation. By the way, it is very clear that one has to expect c to be larger than c 1 , because for constant temperature on the ground, radiation variation does not only depend on the variation of water vapour content but also, to a greater or lesser extent, on the temperature variation in the higher atmospheric layers.
Counter-radiation of the atmosphere at different altitudes 6. According to II and III [see Section 2], the radiation of the atmosphere can be calculated for different altitudes if the temperature and humidity distributions are known. Since the relationship between temperature, humidity, and radiation is given directly by the observations, the result gained by such a calculation can be considered as observational material adjusted for stochastic variation. The radiation of the atmosphere at different altitudes determined in this way is shown in Table 6 , column 4, where the temperature gradient is set to 0.8°C per 100 m and humidity on the ground to 11 mm [Hg] . EMDEN E1 calculated the radiation of the atmosphere at different altitudes under three assumptions: (1) A unit of volume radiates in proportion to the fourth power of its absolute temperature and (2) in proportion to its water vapour content. Furthermore, it is assumed that (3) 10 percent of the Earth's radiation pass the atmosphere. This assumption is based on the calculations carried out by ABBOT and FOWLE
E9
. This leads to the values for the counterradiation of the atmosphere or atmospheric radiation at different altitudes given in Table 6 (column 5). Again, the temperature gradient is assumed as 0.8°C per 100 m.
A comparison between the values observed by me and those calculated according to EMDEN E1 shows that the radiation of the atmosphere decreases much more slowly with decreasing water vapour content than EMDEN's approach E1 suggests. In my view, the difference between observed and calculated values is due to EMDEN's assumption that the air radiates in proportion to its absolute water vapour content, which is not in agreement with the actual conditions. This [EMDEN's] hypothesis would mean that an entirely dry atmosphere would not radiate or absorb in the spectral bands that are considered here (3 to 20 lm). This, in fact, contradicts the observations at hand. According to these, EKHOLM 5,E10 calculated that the atmosphere would absorb about 20 percent of the Earth's radiation by considering carbonic acid only. Since absorption is almost complete even in very thin layers, the temperature decrease with altitude is only of minor importance and we can conclude that an entirely dry atmosphere radiates about 20 percent of the radiation of a black body that has the temperature of the observation location, only due to the carbonic acid content. Apart from the absorption by carbonic acid, ozone also strongly absorbs infrared [''ultrarot'', at 5 lm and 9.8 lm].
6,E11
Bolometric measurements of the solar spectrum show that the ozone content in the atmosphere considerably absorbs during the cold season, but is of minor importance during the warm season.
Temperature and trace constituents of higher atmospheric layers are so little studied that it is not possible to estimate their emissivity from laboratory studies. According to my observations at elevated stations (3000 to 4400 m), the radiation of atmospheric layers at higher altitudes is very important -about 50 percent of a black body of the temperature of the observation location. Evidently, it is not possible to draw conclusions about the nature of the radiation source merely from these observations. Carbonic acid, ozone, and the remaining water vapour (which is indeed small, but strongly absorbing for certain wavelengths) unquestionably play a role. It is an open question whether or not other gases such as hydrocarbons from cosmic or telluric origin also matter. 
7,E12

E12
One may question the existence of atmospheric radiation at higher levels and ask whether the apparent radiation is at least partly caused by the reflection of thermal radiation from layers below on solid particles in layers above. However, this seems unlikely, because measuring the transmission of the atmosphere for short wavelengths (solar radiation) during daytime has shown that substances and larger diffusing particles are obviously absent from the higher layers. The existing diffusion can well be explained by the diffusing influence of molecules according to RAYLEIGH -or maybe more correctly by the influence of density variations according to EINSTEIN-KEESOM. 8,E13 Therefore, it seems evident to me that the observed thermal radiation by the atmosphere at stations at higher altitudes is indeed thermal radiation, probably largely caused by atmospheric components other than water vapour.
7. Finally, I will briefly inform about the results of some preliminary observations at the station of Abisko E7 in Lappland during the polar night. It was my intention to study the radiation of the atmosphere at very low temperature and humidity. These measurements at very low temperature are of particular interest, since the conditions become similar to those that characterise a very dry atmosphere. Abisko is located at 68°21' N and 18°47' E. Between 4 December and 9 January, the sun continuously remains below the horizon. My observations were carried out during January 1916 at temperatures between 0°C and -30°C and a vapour pressure of between 0.5 and 3 mm Hg E4 . They will be published elsewhere together with the observations of snow temperature and cloudiness, which were carried out at the same time.
Here, I will briefly discuss only those observations that were carried out when the sky was completely clear. They are compiled in Tables 7 and 8 together with radiation values calculated according to Table 1 . The table shows that the observed values are generally slightly lower than the calculated values, i.e., slightly lower than the values derived from the observations in California.
The differences are particularly evident for the observations carried out during very calm nights. Conversely, the differences are non-existent or very small during nights with strong breeze. It seems probable that this deviation towards higher values of counter-radiation results from the particular temperature and humidity conditions that form during calm and clear winter nights. In these regions, such nights are often characterised by a strong temperature inversion between 50 and 500 m above ground. Above the cold ground layer, there is a warmer air layer, often with a higher absolute humidity and, as a result, the radiation of the atmosphere will become larger than the value expected based on the observations carried out with temperature and humidity continuously decreasing with altitude. When atmospheric circulation is strong enough to prevent such an inversion, the conditions are similar to those during the brighter season, since the warming of the ground by solar radiation and the subsequent convection result in more even temperature and humidity conditions. A study of the temperature gradient in lower air layers in these northern regions unambiguously shows that there is a close relationship between temperature gradient and wind speed. Here I base myself on the meteorological observations made by E. H. NORINDER in Vassijaure E7 (519 m) and in the nearby mountain range Vassit Jakko E7 (1372 m). 9 Simultaneous temperature observations for these two locations are available. Furthermore, wind speed measurements are available for Vassijaure. Grouping the temperature difference between Vassijaure and Vassit Jakko (at 8 p.m.) according to the mean wind speed during the day yields the values given in Table 9 . The table, and even more distinctly the figure [ Fig. 1] , show that the temperature gradient on average increases during the winter months (November to February) with increasing wind speed.
However, the temperature gradient does not increase infinitely, but seems to approach a threshold, which is almost reached with a wind speed of 6 m/s. The temperature difference even takes negative values with low wind speed (less than 1.5 m/s), and the negative values become rather significant with still air. The conditions are entirely different during the bright season, when the warming of the ground by solar radiation is a major factor. Table 9 shows that, on average, the temperature difference in June and July is constant for different wind speeds. It has to be noted that this constant value -0.83°C per 100 m -is very close to the threshold value that the temperature gradient approaches with very high wind speeds in November to February. This compilation clearly shows that the atmosphere radiates more strongly in calm winter nights than under circumstances in which wind speed is high or convection is occurring for other reasons. My observations fully agree with this view as the tables [Tables 7 and 8] show.
In summary, the variation of atmospheric radiation can be explained by the variation of temperature and of the water vapour content of the atmosphere. Where a constant relationship between this variation and corresponding variations in the ground layer occurs, one can also expect a relationship between the observed counter-radiation on the one side, and temperature and humidity at the observation location on the other. The more irregular the variations of temperature and humidity in the atmospheric layers above the observation location are, the more uncertain the calculation of the radiation on the basis of temperature and humidity measurements on the ground will become. My observations in Algeria and California show that with the then prevailing conditions -an almost clear sky and relatively little humidity - such a calculation can be done with an accuracy of 5 to 10 percent. However, these results must be applied to other climatic conditions with some caution. Particularly in winter, atmospheric conditions suggest a larger value of atmospheric radiation than observed in summer. I will continue my studies on this. However, it must be noted that it is of utmost importance to carry out observations regarding this subject at different locations and under different climatic conditions. Only after such observations are at hand in a larger number, it will be possible to base on them a deeper study about radiation within the atmosphere and its influence on temperature as the most important climatic factor. EMDEN has provided the theoretical basis for such a study. 
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